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ABSTRACT:
Growth and N utilization responses of pigs to Aspergillus niger phytase supplementation of low-protein or high-phytin diets were examined in 2 experiments. In the first experiment, 6 diets arranged in a 3 × 2 factorial with Aspergillus niger phytase at 0, 600, or 1,200 units/kg and dietary protein at 160 or 200 g/kg; and 12 pigs (growth) or 6 pigs (N utilization) per diet were used to test the hypothesis that phytase ameliorates dietary protein effects on growth and nutrient balance. In the second experiment, 4 diets arranged in a 2 × 2 factorial of phytase at 0 or 1,200 units/kg and phytin P at 2.2 g/kg (3.2 g/kg of total P) or 3.9 g/kg (4.9 g/kg of total P); and 12 pigs (growth) or 8 pigs fitted with ileal T-cannulas in a replicated 4 × 4 Latin square (for ileal digestibility of AA) per diet were used to test the hypothesis that increased phytin depresses nutrient utilization and phytase addition ameliorates these effects. Whereas reduced dietary protein depressed (P < 0.001) BW gain and N utilization, phytase in low-protein diet did not alleviate these effects. Although phytase ameliorated phytin-induced reduction in ileal P digestibility (P < 0.001), this was not accompanied by any change in ileal AA digestibility. Given that phytase improved (P < 0.001) P, but not N utilization of diets fed in both studies, phytase-induced improvement in BW gain of pigs fed low-phytin P diets is independent of changes in N utilization.
INTRODUCTION
Poor digestive utilization of phytin-bound P by nonruminant animals and its consequences on diet cost, environment, and digestibility of nutrients have led to extensive research efforts directed toward understanding its digestion. Supplementation of diets with microbial phytase has been investigated extensively and shown to consistently improve the digestibility of phytin-bound P in pigs (Simons et al., 1990; Cromwell et al., 1995; Adeola et al., 2004) .
Phytin and protein can form binary complexes through electrostatic links of its charged phosphate groups with the free amino group on Arg or Lys residues present within protein or with the terminal amino group on proteins (Maenz, 2001) . Conceptually, protein, AA, or both that are complexed with phytin may be less accessible to proteolytic enzymes during intestinal transit; and ternary complexes of phytin, cations, and protein formed during intestinal passage could potentially weaken the activity of proteases. Thus, formation of phytin-protein complex in plant-based foods and feeds could potentially reduce protein utilization. It has been suggested that the microbial phytase-induced improvement in digestibility of phytin-bound P could result in an improvement in protein utilization. Although the efficacy of phytase in liberating P by dephosphorylating phytin in plant-derived ingredients and thereby improving its availability is established, the same cannot be stated for protein and AA utilization responses to microbial phytase. A model of phytase enhancement of protein and AA utilization or AA digestibility is not consistently supported by available data. Some studies have shown that supplementation of phytase to diets for pigs improved the apparent ileal digestibilities (AID) of protein and some of the AA (Mroz et al., 1994; Kemme et al., 1999) , and other studies have shown no effect of phytase supplementation on the AID of protein and AA (Valaja et al., 1998; Adeola and Sands, 2003) or pro-tein utilization (Peter and Baker, 2001 ). Because of the conceptual involvement of protein and phytin in these effects of phytase on protein utilization, we tested the hypotheses that 1) phytase ameliorates low-protein effects on growth and nutrient balance and 2) an increase in dietary phytin amplifies phytin binding to protein, thereby reducing protein digestion, and phytase supplementation of such diets increases protein digestion by degrading phytin.
MATERIALS AND METHODS
All housing and handling procedures were approved by the Purdue University Animal Care and Use Committee.
Phytase
The phytase was a commercially available Natuphos phytase (BASF Animal Nutrition, Ludwigshafen, Germany), which was derived from Aspergillus niger. The Natuphos phytase is a 3-phytase with an enzyme activity of 5,000 phytase units/g. One phytase unit is defined as the quantity of enzyme required to liberate 1 μmol of inorganic P/min, at pH 5.5, from an excess of 1.5 mM sodium phytate at 37°C (International Union of Biochemistry, 1979) .
Growth and Nutrient Utilization Response to Dietary Phytase and Protein, Exp. 1
A randomized complete block design with a 3 × 2 factorial arrangement of treatments was used in the first experiment to investigate the response of growing pigs to supplemental phytase (0, 600, or 1,200 units/ kg) in low-or adequate-protein diets (160 or 200 g/kg). Composition of the basal diets is presented in Table  1 . Diets were purposely deficient in nonphytin P as a robust test of response to phytase supplementation. Seventy-two pigs (barrows: gilts; 1:1) with an average initial BW of approximately 10 kg were selected and assigned to individual stainless-steel pens (0.76 × 0.89 m) equipped with nipple drinkers, stainless-steel feeders, and plastic coated, slated metal floors. The pens were housed in an environmentally controlled room maintained at 23°C with a 12:12 light:dark cycle. Pigs were allowed free access to diets and water for 28 d during which BW and feed intake were recorded weekly.
For the nutrient utilization response, the same diets were fed in 2 equal feedings (morning and evening) to pigs (6 barrows per diet; different from the pigs used for growth response above) with BW of 15 kg (midpoint BW for the growth response above) housed in individual stainless-steel metabolism crates (0.83 × 0.71 m) equipped with stainless-steel wire mesh screens and drain pans that allow separate collection of feces and urine as described previously (Adeola and Bajjalieh, 1997) . The crates were housed in an environmentally controlled room with ambient temperature at 21 ± 2°C. Pigs were fed the experimental diets for a 5-d adjustment period followed by a 5-d collection period in which there was total, but separate, collection of feces and urine (Sands et al., 2001 ).
Growth and Ileal AA Digestibility Response to Phytase and Phytin, Exp. 2 A 2 × 2 factorial arrangement of treatments was used in the second experiment to investigate the response of growing pigs to supplemental phytase (0 or 1,200 units/kg) in low-or high-phytin P diets (2.2 or 3.9 g/ kg). Canola meal and rice bran were substituted into the basal diet to create a high-phytin diet ( Table 1 ). The addition of canola meal and rice bran increased the fiber content of the high-phytin P diet; therefore, soybean hull was added to the low-phytin P diet to balance the amount of fiber between the 2 diets. Fortyeight pigs (barrows:gilts, 1:1) with an average initial BW of approximately 20 kg were selected and assigned to individual floor pens equipped with nipple drinkers and stainless-steel feeders providing free access to feed and water for 28 d during which BW and feed intake were recorded weekly.
Eight crossbred barrows (28 to 30 kg) were surgically fitted with a simple T-cannula approximately 10 cm cranial to the ileo-cecal junction as described previously (Ragland, 1999) . Pigs were allowed 10 d to recover from surgery before being randomly assigned to individual stainless-steel metabolism crates in an environmentally controlled room. Diets were the same as those described above for the growth performance experiment. Chromic oxide was added to the diets at 3.5 g/kg as an indigestible marker. Pigs were assigned to experimental diets in a 4 × 4 Latin square design. Each period consisted of a total of 7 d, where pigs were weighed on d 1 of each period and daily feed allotment was at a rate of 3 times maintenance intake (0.09 × kg of BW 0.75 ). The daily allotment was fed in 2 equal portions at approximately 0730 and 1930 h. Fresh fecal samples were collected during morning and evening feedings on d 5, 6, and 7 and stored at -20°C for subsequent analysis. Ileal digesta was collected from 0800 to 2000 h on d 6 and 7 by attaching plastic bags to the cannula. Ten milliliters of 5% formic acid solution was added to each bag before attachment of the bag to the cannula to inhibit microbial growth. The collection bags were changed every hour and stored at -20°C between collections. Digesta collected over the 2 d from each pig was pooled and stored at -20°C for subsequent analysis.
Chemical Analysis
Ileal digesta and fecal samples were freeze-dried and were ground to pass through a sieve with pore size of 1 mm. Nitrogen content of diets, digesta, and feces was determined by the combustion method (AOAC, 2000; model FP2000, Leco Corp., St. Joseph, MI) using EDTA as an internal standard, and GE was determined Sands et al. in an adiabatic bomb calorimeter (model 1261, Parr Instrument Co., Moline, IL) using benzoic acid as a calibration standard. Feed (0.9 g), ileal digesta (0.4 g), and fecal samples (0.4 g) were weighed into porcelain crucibles and combusted overnight in a muffle furnace at 600°C. Samples were digested using the method developed by Fenton and Fenton (1979) . The procedure requires a digestion mixture formulated by dissolving 10 mg of sodium molybdate dihydrate dissolved in (30%: 30%: 40%) double distilled water: concentrated sulfuric acid: perchloric acids. A 15-mL aliquot of the digestion mix was added to the previously ashed sample. Samples were placed on a preheated hot plate at approximately 300°C and allowed to boil gently under a hood until the sample mixture changed to a yellow-or orangecolored clear solution. Total inorganic P concentration in feed ileal digesta and fecal digests was determined by colorimetric analysis using a commercially available diagnostic kit, (procedure 670, Sigma Chemical Co., St. Louis, MO). This procedure involves reacting the feed and fecal digests with ammonium molybdate in an acid solution to form phosphomolybdate. Addition of a mixture of sodium bisulfite, sodium sulfite, and 1-amino-2-naphthol-4-sulfonic acid reduces the phosphomolybdate to form a blue phosphomolybdenum complex. The phosphate concentration was measured at a wavelength of 660 nm on a micro-plate reader. Total AA profile of feed, ileal digesta, and feces by HPLC and chromium by atomic absorption spectrophotometry were determined at the University of Missouri, Experiment Station Chemical Laboratory (Columbia, MO). Samples for AA analysis were prepared using a 24-h hydrolysis in 6 N HCl at 110°C under N atmosphere. For Met and Cys, performic acid oxidation occurred before acid hydrolysis. Samples for Trp analysis were hydrolyzed using barium hydroxide. Amino acids in hydrolyzates were determined by HPLC after postcolumn derivatization [AOAC, 2000; 982.30 E (a, b, c) ]. Values for Asp and Glu include Asn and Gln, respectively, because the latter were hydrolyzed to Asp and Glu. Samples for chromium analysis were digested using nitric/perchloric wet ash [AOAC, 2000; 935 .13 A (a)] before atomic absorption spectrophotometry. Phytate was analyzed by HPLC as described by Rounds and Nielsen (1993) . Enzymatic activity of phytase was determined by the method of Engelen et al. (1994) . Analyzed energy, nu- trient, and phytase activity of the diets used in Exp.1 and 2 are presented in Tables 2 and 3 .
Statistical Analysis
Data were analyzed using the GLM procedure (SAS Inst. Inc., Cary, NC). Growth response data from Exp 1 were analyzed as 3 × 2 factorial arrangement of dietary treatments in a randomized complete block design with sex (1 df), pen blocks (5 df), dietary phytase (2 df), dietary protein (1 df), and dietary phytase × protein (2 df) in the model. Nutrient utilization response data from Exp 1 employed the same model without sex as a source of variation. Linear and quadratic contrasts were used to examine the effect dietary phytase. Growth response data from Exp 2 were analyzed as 2 × 2 factorial arrangement of dietary treatments in a randomized complete block design with sex (1 df), pen blocks (5 df), dietary phytase (1 df), dietary phytin P (1 df), and dietary phytase × phytin P (1 df) in the model. Data from ileal digestibility in Exp. 2 were analyzed as a 2 × 2 factorial arrangement of dietary treatments in a replicated 4 × 4 Latin square design. The model for this analysis included replicate (1 df), pigs within replicates (6 df), periods within replicates (6 df), dietary phytase (1 df), dietary phytin P (1 df), and dietary phytase × phytin P (1 df). Mean differences were considered significant at P < 0.05. 
RESULTS

Exp. 1
Pigs fed diets containing 160 g of protein/kg gained BW slower and less efficiently (P < 0.01) than those fed diets containing 200 g of protein/kg and thus were lighter (P < 0.01) at the end of the 28-d growth period (Table 4) . Phytase supplementation of the 160 g of protein/kg diet did not affect BW gain; however, at the 200 g of protein/kg of diet, there was a linear improvement in BW gain with Aspergillus niger phytase addition (P < 0.05).
In the nutrient balance study, feeding the 160 g of protein/kg of diet depressed (P < 0.01) percent N absorbed (Table 5) . Likewise, N retention was reduced (P < 0.05) in pigs fed the 160 g of protein/kg of diet. Regardless of dietary protein level, phytase supplementation did not elicit any N utilization response, and there was no dietary protein × phytase interaction. The results of P balance of pigs fed 160 or 200 g of protein/ kg of diet containing added phytase at 0, 600, or 1,200 units/kg are presented in Table 5 . Due to the difference in daily P intake of approximately 200 mg between pigs on the 160 or 200 g of protein/kg, there was a difference in daily P absorption (P < 0.05); however, expression of the absorbed P relative to intake resulted in no difference. Phytase supplementation of these low-phytin P diets resulted in predictable improvements in digestibility of P (P < 0.01). There was no dietary protein × phytase interaction for dietary P utilization response (Table 5 ).
Exp. 2
Dietary phytin concentration did not elicit a response in any measure of pig growth performance; likewise, there was no dietary phytin × phytase interaction (Table 6). However, phytase supplementation improved (P < 0.05) BW gain of pigs regardless of dietary phytin concentration.
There were reductions in apparent total tract digestibilities of DM and energy with greater dietary phytin P from 2.2 to 3.9, but there were no phytase or phytin × phytase interaction effects (Table 7 ). There were no phytin, phytase, or phytin × phytase interaction effects on apparent total tract digestibility (ATTD) of N; however, P digestibility was greater (P < 0.01) with phytase supplementation regardless of dietary phytin concentration. Apparent ileal digestibility of DM, energy, or N showed no phytin, phytase, or phytin × phytase interaction effects (Table 7) . High dietary phytin depressed (P < 0.01) AID of P in diets that were not supplemented with phytase. Phytase supplementation substantially increased (P < 0.01) apparent ileal P digestibility, more so at the greater dietary phytin, resulting in a phytin × phytase interaction (P < 0.01). Dietary phytin increased (P < 0.05) AID of Met, Thr, Trp, Ala, Cys, and Gly (Table 8) . With the exception of Trp (P = 0.055), phytase supplementation did not elicit an apparent ileal AA digestibility response. There was no phytin × phytase interaction effect on AID of AA (Table 8) .
DISCUSSION
Growth and Nutrient Utilization Response to Dietary Phytase and Protein, Exp. 1
Reduced growth performance in pigs fed low protein (160 g/kg) was expected and has been previously reported by Biehl and Baker (1996) , who fed diets containing 207 and 155 g of protein/kg to pigs with BW similar to those used in this experiment. Biehl and Baker (1996) reported decreased BW gains and efficiency of BW gain in pigs fed the low-protein diet. Furthermore, the improvement in feed efficiency was observed when phytase was added to the AA-deficient, low-protein diet, but not when added to the AA-adequate diet. In the current study, the addition of phytase to the lowprotein diet did not affect BW gain or efficiency of BW gain, whereas phytase addition to the adequate protein diet linearly improved BW gain. Body weight gain and efficiency of BW gain in pigs fed the low protein diet were not improved, suggesting that the diet was prob- Phytase and nutrient digestion in pigs ably deficient in nutrients that were not improved by adding phytase. It was hypothesized that reducing the dietary protein level would increase the chance of detecting an improvement in the apparent digestibility, or retention of protein, or both as a result of phytase addition. A 4-percentage-point reduction in dietary CP of a corn and soybean meal-based diet is likely to be deficient in Lys, Trp, and Thr for growing pigs (Kerr and Easter, 1995) . Therefore, any improvements in the digestibility of these limiting AA should improve the efficiency of utilization of N. In the current study, feeding a reducedprotein diet depressed N digestibility and utilization. In contrast to previous reports (Mroz et al., 1994; Kemme et al., 1999; Liao et al., 2005a) , phytase addition did not improve the digestibility or overall utilization of N in the high or low protein diet. Similarly, Keteran et al. (1993) reported that supplementing a semi-purified SBM-based diet with 1,000 phytase units/kg did not affect fecal digestibility of CP. In other studies, Yi et al. (1996) reported only small but variable changes in apparent digestibility of N, whereas Nasi et al. (1995) reported no effect of phytase on N utilization in pigs fed a high-phytin barley-rapeseed meal-based diet.
The greater proportion of P in seeds of legumes and cereals is in the form of phytin P, a nonavailable form for nonruminant animals such as the pig because of inadequate endogenous intestinal phytase activity (NRC, 1998) . Phosphate constitutes about 26.2% of the phytate molecule and is an end product of the hydrolysis of phytate by phytase. Therefore, the availability of P is enhanced when animals that lack phytase are fed diets supplemented with exogenous phytase. As previously reported (Simons et al., 1990; Cromwell et al., 1995; Adeola et al., 2004) , the addition of phytase improved the digestibility of P, regardless of the level of dietary protein. Pigs fed the adequate-protein diet absorbed more P than pigs fed the low-protein diet. However, P absorption as a percentage of intake was not different, which suggests this effect occurred as a result of greater P intake from the adequate-protein diet.
Growth and Ileal AA Digestibility Response to Phytase and Phytin, Exp. 2
Phytin content at the concentrations tested did not have an effect on any of the growth performance criteria measured. The reason for the lack of response could have been due to a concomitant increase in total P and available P with the ingredients added to increase phytin P in the high-phytin diet. Table 7 . Apparent total tract and ileal digestibility (%) of DM, energy, N, and P in pigs fed 2.2 or 3.9 g of phytin P per kg of diet containing added phytase at 0 or The addition of Aspergillus niger phytase (1,200 units/kg) improved the ATTD of P regardless of dietary phytin concentration. The addition of Aspergillus niger phytase increased the ATTD of P from 23.66 to 38.92% and from 21.52 to 44.11% in the low and high-phytin diets, respectively. Phytase elicited improvements in P digestibility when assessed over the total tract was 51.2% in the high-phytin and 39.2% in the low-phytin diet. Fandrejewski et al. (1999) reported similar results when diets containing rapeseed meal as the protein source compared with diets containing soybean meal as the protein source were fed to pigs. This finding indicates that the response to exogenous microbial phytase is greater when added to a diet containing a greater concentration of phytin. This finding also indicates a direct relationship between increased substrate (phytin) concentrations and increased magnitude of the response to phytase.
As expected, the AID of P was improved in response to supplemental phytase in the current study. The improvement in the AID of P indicates that phytase was efficacious in hydrolyzing phytin. The AID of P was 75.1 vs. 47.3% in the high-and low-phytin diets, respectively. The improvements in AID of P are in agreement with previously reported values for growing pigs (Jongbloed et al., 1992; Mroz et al., 1994) . Increasing the phytin concentration of the diet did not affect AID or ATTD of N. In contrast, Liao et al. (2005b) reported that increasing the dietary phytin content by adding ingredients that are naturally high in phytate (rice bran and canola meal) reduced the AID of CP and AA and the ATTD of CP. The phytin concentration of the highphytin diet used in their study was greater than in the current study, 4.8 g/kg compared with 3.9 g/kg, respectively. In the current study, soybean hulls were added to the high-phytate diet to quantitatively balance the dietary NDF in the diets; this was not so for the studies by Liao et al. (2005a,b) . In fact, the NDF content of the high-phytate diets was about 6% greater than in the low-phytate diet. These factors may explain the differences between these studies.
Phytase had no effect on the AID of AA except for Trp, which was improved with the addition of phytase. Liao et al. (2005b) also reported that supplementation of the high-or low-phytate diet with phytase did not affect the AID of CP and AA. Other studies (Li et al., 1998; Traylor et al., 2001 ) also reported no effect of phytase on CP or N utilization. In a recent study with 35 kg of BW pigs fed diet composed of wheat, wheat middlings, peas, canola meal, and soybean meal, phytase addition to the diet did not affect AID of AA (Woyengo et al., 2008) . Contrary to the above reports, Mroz et al. (1994) reported increased ATTD of CP in cannulated pigs and Li et al. (1998) reported a reduction in excretion of N in pigs canulated at the duodenum and ileum. Liao et al. (2005b) reported improvement in the AID of CP and AA in 1 out of a series of 4 experiments conducted with cannulated pigs fed diets based on different ingredients. In the experiment where an improvement in protein and AA digestibility was observed, the main ingredients in the diet were wheat and canola meal. Based on this finding, the authors suggested that the effect of phytase on protein and AA digestibility might be diet dependent. Traylor et al. (2001) reported an increase in the AID of AA in response to phytase addition (500 units/kg) to a semipurified soybean meal-based diet fed to growing pigs, but no further improvement was observed at greater levels of phytase. In fact, small reductions in AID of some AA at the greater levels of phytase were reported, but these were not statistically significant. Mroz et al. (1994) also reported significant increases in the AID of Met and Arg but only numerical increases in several other AA.
It is possible that the use of cannulated pigs to assess the efficacy of phytase for improving AID of AA may diminish the effects of phytase due to changes in the intestinal microenvironment. A report by Kornegay et al. (1998) on the AID of AA in pigs using 2 different methods of digesta collection (cannulation and slaughter) showed that the AID of AA was increased to a greater extent when the slaughter technique was used to collect ileal digesta. The increases in AID of AA were on average 10% greater in the diet containing phytase when the slaughter technique was used to collect ileal digesta. Assessing the effects of supplemental phytase on AID of AA with cannulated pigs using a combination of feed restriction and low-protein diets may increase the relative contribution of endogenous intestinal AA to total AA flows. Increased endogenous output would not only reduce the digestibility coefficients, but would also change the AA composition of the digesta and thus mute any phytase effect. However, Pomar et al. (2008) observed no response in true ileal AA digestibility response of growing-finishing pigs to phytase supplementation of semipurified diets, even though phytase improved the AID of Arg, Cys, and Met.
Ileal P digestibility results of the present study support the hypothesis that diets containing a greater concentration of phytin would lead to a greater response to supplemental phytase. However, there was no effect of phytin concentration on AA digestibility under the conditions of this study. In addition, no improvement in the AID of AA (with the exception of Trp) was detected. Improvements in digestibility of AA, if any, may be small in magnitude and difficult to detect. Differences in diet composition and method of assessment may explain the conflicting reports on the effect of phytase on CP and AA digestibility. Furthermore, the experimental conditions, such as amount and frequency of feeding and method of collection of digesta or fecal samples, may affect the results obtained in studies with cannulated pigs. Based on the results of this study, phytase supplementation significantly enhances P utilization, but does not affect the apparent ileal or total tract digestibility of DM, energy, CP, or AA. More research on the basic mechanisms of action is required before a con-
